We previously reported that angiotensin-converting enzyme inhibitor (ACEi) renoprotection in Munich Wistar Frömter (MWF) rats, which develop progressive glomerular injury, was associated with podocyte repopulation and preservation of glomerular architecture. Here, we studied the time course of the lesions, their cellular components, and the effect of ACEi. Early glomerular lesions were synechiae, followed by extracapillary crescents and glomerulosclerosis. The majority of cells forming crescents were claudin1 ؉ parietal epithelial cells and, to a lesser extent, WT1
Chronic kidney disease is a worldwide threat to public health. Estimates report that diseases of the kidney account for 830,000 global deaths every year, with a sharp rise of renal replacement therapy now exceeding 2 million patients for an aggregate cost of more than US$1 trillion. 1 The burden of chronic kidney disease is not limited to demand of renal replacement therapies, but chronic kidney disease is also a major determinant of cardiovascular diseases, with direct impact on the health of the overall population. 2 Since there are no specific treatments for most chronic nephropathies so far, efforts aimed at preventing renal disease progression are mandatory. Studies have documented that progressive renal function deterioration is the result of compensatory glomerular hemodynamic changes in response to nephron loss. A key player is angiotensin II 3 to the extent that angiotensin-converting enzyme inhibitors (ACEi) or angiotensin II receptor antagonists slow the development of proteinuria and limit renal damage in animals. 4, 5 Robust clinical evidence of remission and regression of renal disease in humans 6 was clarified by subsequent animal studies. By three-dimensional reconstruction of glomerular capillary tufts based on kidney serial section analysis, we found that after 10 weeks of ACEi treatment in Munich Wistar Frömter (MWF) rats, studied at 60 weeks, more that 30% of glomeruli were completely free of sclerosis, whereas all glomeruli of 50-week-old untreated MWF rats had some degree of scarring. 7 This approach did not identify glomerular cellular components. 8 Regression of glomerulosclerosis and neoformation of glomerular tissue has been linked to progenitor/stem cells of renal or extrarenal origin. 9 As a follow-up of previous studies, 7 we recently showed that, in MWF rats, ACEi halted the spontaneous podocyte loss 10 and restored podocyte number. Consistently, others documented recruitment of podocytes from glomerular parietal epithelium toward the capillary tuft. 11 A population of progenitor cells localized within the Bowman's capsule has been recently found in human adult kidney. 12 These cells can regenerate podocytes. 13 Renal progenitors and transitional cells-progenitor cells that additionally expressed podocyte markers-were also detected within hyperplastic lesions of human glomerulopathies.
14 Mechanisms and cellular determinants of progressive nephropathies in the context of recent findings of glomerular epithelial cell activation had never been addressed in systematic fashion. Inhibiting ACE can be a selective way to potentiate the regeneration of the glomerulus, shifting the process toward kidney healing. To this end, the spontaneous glomerulopathy of MWF rats represents the most appropriate model in which to study the cellular basis for glomerular restructuring and repair. Here, we first sought to establish whether a population of progenitor cells actually exists in the rat glomerulus. We then evaluated whether renal injury in MWF could be the consequence of aberrant progenitor cell proliferation, and to what extent renoprotection by ACEi occurred via an effect of moderating progenitor cell migration and proliferation to restore the Bowman's capsule architecture.
Materials and Methods

Study Design
Sixty-four male MWF rats from our colony were divided into different groups as follows: group 1 (n ϭ 50) received saline and were sacrificed at different time points, 10, 25, 40, 50, and 60 weeks of age (n ϭ 10 rats for each time point); group 2 (n ϭ 10) received lisinopril (80 mg/L in drinking water) from 50 to 60 weeks of age; group 3 (n ϭ 4) received lisinopril (80 mg/L in drinking water) from 50 to 52 weeks of age. Ten-to 60-week-old Wistar rats (Charles River S.p.A., Calco, Italy) were used as controls (n ϭ 20). All rats were maintained in a room with constant temperature and light, and they had free access to water and food. Animal care and treatment were conducted in conformity with the institutional guidelines that are in compliance with national (Decreto Legislativo n116, Gazzetta Ufficiale suppl. 40, 18/2/1992, Circolare N.8, Gazzetta Ufficiale 14/7/1994) and international laws and policies (EEC Council Directive 86/609, OJL 358 -1, 1987; Guide for the Care and Use of Laboratory Animals. NIH publication n. 85-23. Revised 1996). All animal studies were approved by the Institutional Animal Care and Use Committees of "Mario Negri" Institute for Pharmacological Research. Blood pressure was evaluated by tail plethysmography in awake animals, and urinary protein excretion was monitored during the study by Coomassie Blue G dye-binding assay 15 in 24-hour urine collections. Serum creatinine was measured during the observation period by the Jaffe colorimetric test. 16 At sacrifice, kidneys were perfused with PBS under anesthesia, collected, fixed, and then processed for histology and immunohistochemistry as described. To study cell proliferation, rats given vehicle or lisinopril from 50 to 60 weeks of age (n ϭ 4 for each group) were injected intraperitoneally with an S-phase labeled 5-bromo-2=-deoxyuridine (BrdU) (Sigma Aldrich, St Louis, MO, 50 mg/kg dissolved in saline) for 5 days before sacrifice.
Renal Histology
The removed kidneys were fixed in Duboscq-Brazil and embedded in paraffin. Three-micron sections were stained with periodic acid-Schiff reagent and observed by light microscopy (BH2-RFCA; Olympus, Melville, NY). At least 50 glomeruli were examined for each animal, and the extent of synechiae or crescents was expressed by giving a score from 0 to 4 related to the percentage of glomerular tuft occupied by the lesions (0: no lesions, 1: lesions affecting Ͻ25% of the glomerulus, 2: lesions affecting 25% to 50% of the glomerulus, 3: lesions affecting 50% to 75% of the glomerulus, and 4: lesions affecting 75% to 100% of the glomerulus). The indices of synechiae and crescents were calculated by using the following formula:
where n x is the number of glomeruli with each percentage of lesion extension. Renal samples were analyzed by the same observer, who was unaware of the nature of the different experimental groups.
Immunofluorescence Experiments
Claudin1, Wilms' tumor-1 (WT1), neural cell adhesion molecule (NCAM), Thy1.1, ED1, and BrdU expression was detected by immunofluorescence analysis. Four percent paraformaldehyde-fixed cryosections were air dried, washed with PBS 1ϫ and incubated with 1% bovine serum albumin (BSA) to block nonspecific sites. The following primary antibodies were used: rabbit anti-claudin1 (undiluted; Thermo Scientific, Rockford, IL), rabbit or mouse anti-WT1 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-NCAM (1:4; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), mouse anti-CD24 (1:25; BD Pharmingen, Franklin Lakes, NJ), mouse anti-Thy1.1 (1:100; AbD Serotec, Kidlington, Oxford, UK), mouse anti-ED1 (1:100; Chemicon, Temecula, CA), fluorescein isothiocyanate (FITC)-conju-gated mouse anti-BrdU (1:4; Roche Diagnostic GmbH, Mannheim, Germany), mouse anti-BrdU (Becton Dickinson Immunocytometry Systems, San Jose, CA), followed by the specific FITC-or Cy3-conjugated secondary antibodies. For mouse anti-NCAM and mouse anti-CD24 double staining, specific anti-IgG1 and anti-IgM secondary antibodies were used. Nuclei were stained with DAPI, and the renal structure with FITC wheat germ agglutinin. Negative controls were obtained by omitting primary antibodies on adjacent sections. For the detection of claudin1, WT1, NCAM, CD24, and BrdU, antigen retrieval was performed in citrate buffer 10 mmol/L (pH 6.0) at boiling temperature for 20 minutes, followed by incubation with citrate buffer (20 minutes) at room temperature to enhance the reactivity of antibodies to antigens. Fluorescence was examined by an inverted confocal laser scanning microscope (LS 510 Meta; Zeiss, Jena, Germany). All glomeruli were acquired and subjected to quantitative analysis. The percentage of positive cells was evaluated based on the total number of DAPI ϩ cells within crescents or in Bowman's capsule.
Immunoperoxidase Experiments
Type III collagen and CCAAT/enhancer binding protein (C/EBP␦) expression was detected by immunoperoxidase analysis. Duboscq-Brazil-fixed, paraffin-embedded kidney sections (3 m) were deparaffinized, rehydrated, and then incubated for 30 minutes with 0.3% H 2 O 2 in methanol to quench endogenous peroxidase. Antigen retrieval was performed using a microwave [2 ϫ 5 minutes in citrate buffer 10 mmol/L (pH 6.0) at an operating frequency of 2450 MHz and a 600 W power output] and citrate buffer incubation (15 minutes at room temperature) to increase the reactivity of antibodies to antigens. After blocking with 1% BSA, sections were incubated with rabbit anti-type III collagen (1:100; Chemicon) or rabbit anti-C/EBP␦ antibody (1:100; Santa Cruz Biotechnology), followed by specific biotinylated secondary antibodies and diaminobenzidine (Merck, Darmstadt, Germany) substrate solution. Slides were finally counterstained with hematoxylin, dehydrated in graded alcohols, mounted with coverslips, and observed by light microscopy (BH2-RFCA; Olympus). Negative controls were obtained by omitting the primary antibody on adjacent sections. C/EBP␦ signal was graded on a scale of 0 to 3 (0: no C/EBP␦-positive cells, 1: Ͻ25% positive cells, 2: 25% to 50% positive cells, 3: Ͼ50% positive cells in the Bowman's capsule).
Immunoelectron Microscopy
For immunogold staining, the kidney was fixed with 3.5% paraformaldehyde plus 0.01% glutaraldehyde overnight at 4°C. Fragments of fixed renal tissue were embedded in Lowicryl resin (Electron Microscopy Sciences, Hatfield, PA), sectioned with an ultramicrotome (Leica Microsystems, Wetzlar, Germany), and then transferred to nickel grids coated with Formvar (Electron Microscopy Sciences, Hatfield, PA). After blocking with 1% BSA for 15 minutes, sections were incubated overnight with goat anti-nephrin (1:400; Santa Cruz Biotechnology) followed by 12-nm gold-conjugated donkey anti-goat secondary antibody for 1 hour at room temperature. The grids were washed with PBS, stained for 5 minutes with 2% aqueous uranyl acetate, and examined with a Morgagni 268D electron microscopy (Philips, Brno, Czech Republic).
In Vitro Experiments
Kidneys of adult Wistar rats were quickly removed, and the homogenate of the cortex was gently pressed through a 105-m (140 mesh) sieve and then over a 75-m (140 mesh) sieve that retains glomeruli. Glomeruli were centrifuged, resuspended in medium plus endothelial growth medium-microvascular (EGM-MV; Cambrex Bio Science, East Rutherford, NJ) and 20% fetal bovine serum (FBS, Hyclone, Logan UT), and plated on fibronectin-coated dishes (10 g/mL; Sigma-Aldrich) at a density of 200 glomeruli/100-mm plate. After 5 to 7 days of culture, adherent capsulated glomeruli showed cellular outgrowth, which was picked and cultured in EGM-MV 20% fetal bovine serum on glass coverslips coated with fibronectin.
Claudin1, NCAM, and CD24 were detected by immunofluorescence analysis on cells from initial outgrowth of capsulated glomeruli. Cells were fixed in 2% paraformaldehyde plus 4% sucrose, permeabilized with 0.3% Triton-X100 (Sigma-Aldrich), and then blocked with 2% BSA, 0.2% gelatin bovine, and 2% FBS in PBS and then incubated 1 hour with rabbit anti-claudin1 (undiluted) or mouse anti-NCAM (1:2), followed by the specific Cy3-or FITC-conjugated secondary antibody. For CD24 expression, cells were incubated with mouse anti-CD24 antibody overnight at 4°C (1:25) and then with specific FITCconjugated secondary antibody.
For differentiation and proliferation experiments, cells from glomerular outgrowth were expanded and claudin1 ϩ cells obtained by immunomagnetic separation using goat anti-rabbit IgG MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's protocol. Claudin1 ϩ cell fraction (second passage) was used for all experiments. For podocyte differentiation, claudin1
ϩ parietal epithelial cells (PECs) were treated for 7 days with DMEM/F12 supplemented with vitamin D 3 100 nmol/L and retinoic acid 100 mol/L (VRAD medium). 13, 17 Cells were then fixed, permeabilized, and incubated with mouse anti-synaptopodin (SYN) antibody (undiluted; ProGen, Heidelberg, Germany) and goat anti-mouse FITC. The proliferation of immunoisolated claudin1
ϩ PECs was evaluated by studying the phosphorylation at Ser10 of histone H3 18 in cells maintained overnight in medium plus 1% FBS and then exposed to medium or to angiotensin II (10 Ϫ7 mol/L; SigmaAldrich) for 24 hours. After fixation, cells were incubated with phospho-histone H3 (H3p) antibody followed by FITC secondary antibody. Nuclei were counterstained with DAPI. The quantification of cells positive for synaptopodin or H3p was performed counting fluorescent cells per total DAPI ϩ cells in each high-power field (HPF) (five to 10 fields/slide; n ϭ 3 experiments). Data were ex- The expression of C/EBP␦ was evaluated in PECs incubated in DMEM (Gibco BRL, Grand Island, NY) plus 2% BSA with or without angiotensin II (10 Ϫ7 mol/L). After 6 hours, the cells were fixed and processed as above. PECs were incubated 3 hours with rabbit anti-C/EBP␦ antibody (1:25) followed by FITC-conjugated secondary antibody. Nuclei were stained with DAPI, and images were captured using an inverted confocal laser scanning microscope.
Statistical Analysis
Results were expressed as mean Ϯ SE. Correlation analysis between index of crescents and proteinuria was performed by evaluating Pearson's r coefficient, using a Microsoft Excel (Redmonds, WA) spreadsheet. Statistical analysis of proteinuria levels, synechiae, and crescents was performed using analysis of variance with the Bonferroni post hoc analysis for multiple comparisons. The nonparametric Kruskal-Wallis and Mann-Whitney tests were applied, as appropriate. Statistical significance was defined as P Ͻ 0.05.
Results
A Population of Renal Progenitor Cells Exists within the Bowman's Capsule of Normal Adult Rat Kidney
The phenotype of PECs in the Bowman's capsule of control Wistar rats was assessed by simultaneously staining claudin1, a marker of glomerular PECs that localizes to intercellular tight junctions, 19 and the podocyte marker WT1. All of the cells lining the Bowman's capsule expressed claudin1, and a small fraction co-expressed WT1 (21.9% Ϯ 0.5%) ( Figure 1A ). Immunoelectron microscopy analysis allowed us to identify some PECs exhibiting foot processes in which marked expression of nephrin was found ( Figure 1B ). Bowman's capsule in humans is lined by a subset of parietal epithelial cells with stem cell characteristics, 12 which in physiological conditions gradually lose their stemness and regenerate podocytes. 11 In rats, no stem cell population in the Bowman's capsule has been described so far. In search of markers of stemness in rat, we focused on NCAM, a protein expressed in metanephric mesenchyme and in the glomerular capsule in mature kidney. 20, 21 In controls, NCAM was expressed by the majority of claudin1 ϩ cells in the Bowman's capsule (88.0% Ϯ 6.3%, Figure 1C ). Cells positive for NCAM also expressed CD24, a surface antigen known to be a marker of renal progenitor cells in mice 22, 23 and in humans 13 ( Figure 1D ). We detected three distinct populations of cells ( Figure 1, E and F) , the most abundant cells were cells only expressing NCAM. Two minor cell populations consisted of transitional cells co-expressing markers of renal progenitors and podocytes (NCAM ϩ WT1 ϩ ), and a subset of more differentiated cells, the parietal podocytes, that no longer expressed NCAM but exhibited the podocyte marker WT1 (Figure 1, E and F) . A schematic representation of the cell populations identified in the Bowman's capsule is given in Figure 1F .
Age-Related Glomerular Changes in Control Wistar Rats
Changes in renal histology as a function of time was performed in control rats (Figure 2) . In renal biopsies of Wistar rats synechiae, focal adhesions of glomerular capillaries to the Bowman's capsule were found between 50 and 60 weeks (Figure 2 , B and C). No lesions that were more severe were found in control animals at any other time point (Figure 2 , B and C).
Time-Dependent Evolution of Glomerular Lesions in MWF Rats
Histological analysis of 10-week-old MWF rats revealed early synechiae ( Figure 2B ) that were not associated with accumulation of type III collagen. From 25 weeks, crescent-like lesions were observed, which increased in number and extension with age ( Figure 2B ). At an early stage, crescents were characterized by cell proliferation in the absence of type III collagen deposition (Figure 2 , D and H). With time, multilayers of cells accumulated at the site of synechiae, resulting in more severe crescentic lesions, typically found in 40-to 60-week-old MWF (Figure 2 , E and F). The percentage of glomeruli with crescents was 39% Ϯ 4% at 40 weeks, 64% Ϯ 5% at 50 weeks, and 76% Ϯ 4% at 60 weeks. Lesions in 40-week-old rats were characterized by scanty accumulation of type III collagen ( Figure 2I ). By 50 to 60 weeks, massive, progressive accumulation of type III collagen was observed ( Figure  2J ). At the end of the observation period, glomerulosclerosis was so severe as to occupy most of the glomerular tuft in the majority of the glomeruli.
Phenotype of Cell Populations Involved in Crescentic Lesions in MWF Rats
We then assessed the phenotype of cells contributing to glomerular lesions in MWF rats by evaluating the expression of different markers (Figure 3, A and B) . Synechiae in young MWF rats were constituted by claudin1 ϩ cells (data not shown), which also represented the most abundant cell population in crescents of 60-week-old MWF rats. A high percentage of WT1 ϩ cells was observed in crescents ( Figure 3, A and B) . The percentage of claudin1 ϩ WT1 ϩ cells within crescents was, on average, 12%. Mesangial cells and macrophages, identified respectively by Thy1.1 and ED1 immunolabeling, represented two minor cell populations in crescents (Figure 3 , A and B). As shown in Figure 4 , NCAM ϩ progenitor cells contribute substantially to glomerular extracapillary hyperplastic lesions.
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Treatment with ACEi Reduces Proteinuria and Induces Regression of Crescentic Lesions
Proteinuria, which positively correlated with the index of crescents (r ϭ 0.94, P Ͻ 0.01), developed with time in MWF rats from 10 weeks and reached values of 730 Ϯ 44 mg/day at 60 weeks ( Figure 4A ). Ten-week treatment with the ACEi lisinopril markedly reduced urinary protein excretion (159 Ϯ 26 mg/day, P Ͻ 0.01 versus 60 week old, Figure 4A ). When animals were treated only 2 weeks with ACEi (from 50 to 52 weeks of age), proteinuria was only mildly affected, and the index of crescents did not change (50 week old: 1.5 Ϯ 0.2 versus treated 52 week old: 1.6 Ϯ 0.3). At 60 weeks, MWF rats had renal function impairment and developed hypertension (serum creatinine, 2.0 Ϯ 0.3 versus controls: 0.7 Ϯ 0.01 mg/dL, systolic blood pressure: 192.0 Ϯ 5.2 versus controls: 87.0 Ϯ 1.7 mm Hg, P Ͻ 0.01). Treatment with ACEi (from 50 to 60 weeks of age) decreased serum creatinine levels (1.3 Ϯ 0.1 mg/dL, P Ͻ 0.05) and systolic blood pressure (133.0 Ϯ 16.8 mm Hg, P Ͻ 0.05) with respect to rats receiving saline. Lisinopril did not limit only the number, but also the extension of the lesions, as demonstrated by the remarkable reduction of the index of crescents, which reflects the degree of severity of the lesions (P Ͻ 0.01, Figure 4A ). The extension of glomerular lesions in 60-week-old MWF rats receiving lisinopril was even lower than those observed in 50-week-old MWF rats, suggesting the ability of ACEi to induce regression of glomerular injury ( Figure 4A ). Consistent with the decrease of hyper- 
ACE Inhibitor Limits Cell Proliferation in Crescents
To investigate whether ACEi exerted renoprotection by affecting the proliferative status of cells in crescents, we evaluated the number of BrdU-retaining cells in pulsed MWF animals at 60 weeks of age. Quantification of BrdU ϩ cells revealed that the percentage of proliferating cells within crescents accounted for 9.6% Ϯ 1.5%. The majority of BrdU-labeled cells expressed claudin1 in the absence of podocyte marker WT1, whereas proliferating claudin1 ϩ WT1 ϩ and claudin1 Ϫ WT1 ϩ cells represented rare cell populations in crescents ( Figure 4B ). ACEi treatment significantly decreased the proliferation of all cell populations, with respect to MWF rats receiving saline ( Figure 4B ). Consistently, treatment with ACE inhibitor effectively reduced the presence of NCAM ϩ cells in crescents by limiting progenitor cell activation and migration toward capillary tuft, and restored the distribution of progenitor cells along the Bowman's capsule to a pattern similar to controls ( Figure 4D ).
ACE Inhibitor Preserves Bowman's Capsule Architecture
The antiproliferative effect of ACEi on cells constituting crescents prompted us to analyze whether this drug and MWF (n ϭ 50) rats. ***P Ͻ 0.05 versus Wistar rats and 10w MWF; † P Ͻ 0.01 versus Wistar rats and 10w to 25w to 40w MWF. C: Renal section of 60-week-old Wistar rats was characterized by few synechiae (arrow). In MWF rats, synechiae were present from 10 weeks of age, and more severe crescentic lesions (arrowheads) developed from 25 weeks of age (D) and progressively increased with time (E and F). G: Synechiae in Wistar rats were not associated with accumulation of type III collagen (arrow). H: Also, early crescents, which were found in 25-week-old MWF rats, were negative for type III collagen staining (arrowhead). In 40-week-old MWF rats, crescents were characterized by scanty accumulation of type III collagen (I), which progressively increased at 60 weeks of age (arrowheads, J). Original magnification, ϫ400. The expression of C/EBP␦ in the Bowman's capsule, evaluated by semiquantitative score, decreased at 60 weeks of age in MWF rats receiving saline as compared with Wistar rats, and was normalized by ACEi treatment. *P Ͻ 0.05 versus Wistar; ***P Ͻ 0.05 versus 60w MWF ϩ saline. Representative photomicrographs of C/EBP␦ expression in Wistar (E) and MWF rats given saline (F) or treated with ACEi (G) are shown. Note that in ACEi-treated rats, as in Wistar rats, most of the cells were positive for C/EBP␦ (brown signal at high magnification); in MWF rats, the majority of the cells did not express the marker. Nuclei (blue) were counterstained with hematoxylin. Original magnification, ϫ400. PECs were extremely rare. Consistent with the ability of ACEi to reduce cell proliferation in crescents, the treatment also reduced the proliferative status of Bowman's capsule cells ( Figure 5B ). The effect of ACEi to limit cell proliferation translated into normalization of the percentages of claudin1 ϩ PECs and parietal podocytes (claudin1
) in the Bowman's capsule ( Figure 5A ).
Mechanism Underlying the Renoprotective Effect of ACEi: Role of the Transcription Factor C/EBP␦
To investigate the mechanism by which ACEi limited the abnormal proliferation of Bowman's capsule cells, we evaluated the role of C/EBP␦. C/EBP␦ is a transcription factor specific for adult cells and mitotically quiescent stem cells of epithelial origin, 24 which regulates cell cycle and selfrenewal potential. 25, 26 In Wistar rats, C/EBP␦ was detectable in the majority of cell nuclei along the Bowman's capsule ( Figure 5 , D and E), indicating the low-cycling status of these cells, whereas it was markedly decreased in MWF rats at 60 weeks (P Ͻ 0.05, Figure 5 , D and F). ACEi restored C/EBP␦ expression to control levels (P Ͻ 0.05, Figure 5 , D and G), suggesting the involvement of C/EBP␦ in the antiproliferative effect of this drug.
PEC Characterization and Differentiation
Parietal epithelial cells were obtained by the initial outgrowth of capsulated control rat glomeruli, as previously described. 12, 23 After 5-day culture, cells outgrown from adherent glomeruli were harvested and cultured. Cultured PECs expressed either markers of adult epithelial cells or immature progenitors including claudin1, NCAM, and CD24 ( Figure 6A ), as it occurred in vivo in renal tissue (Figure 1 ). The capacity of PECs to differentiate and generate podocytes was further investigated by exposing cells to a specific inductive medium, as previously described. 13 Specifically, immunoisolated claudin1
ϩ PECs incubated for 7 days with VRAD medium became positive for synaptopodin with the typical localization along cytoskeletal fibers ( Figure 6 , B and C). At this time, 29% of cells acquired the specific podocyte marker (Figure 6D) , thus supporting the concept that PECs contain a population of progenitor cells devoted to generate podocytes.
To evaluate whether angiotensin II could affect the proliferative activity of parietal epithelial cells, the involvement of the transcription factor C/EBP␦ in the regulation of PECs proliferation was studied. Incubation with angiotensin II markedly reduced the expression of C/EBP␦ ( Figure 6 , E and F), suggesting that the mitogenic effect of the peptide could be exerted through the down-regulation of the C/EBP␦ signaling pathway. As a marker of mitosis, we assessed the phosphorylated form of Histone H3-serine 10 (H3p) on immunoisolated claudin1
ϩ PECs incubated with angiotensin II for 24 hours. As shown in Figure 6H a large number of PECs revealed nuclearpositive granular staining for H3p on angiotensin II exposure with respect to unstimulated cells ( Figure 6G ). The percentage of proliferating cells induced by angiotensin II averaged 39% Ϯ 6% as compared to 15% Ϯ 3% observed in unstimulated cells ( Figure 6I ).
Discussion
Here, we describe for the first time a population of renal progenitor cells within the Bowman's capsule of adult rat kidney. Previous studies in rodents showed that parietal epithelial cells migrate into the glomerular tuft and differentiate into podocytes.
11 A heterogeneous population of cells expressing variable levels of stemness markers, CD24 and CD133, was also found in the Bowman's capsule of normal human kidney. 12 In rats, however, no stem cell population in the Bowman's capsule has been described so far. CD133 proteins do not identify progenitor cells due to interspecies differences, which prompted us to search for another stemness marker. One of us had previously discovered neural cell adhesion molecule (NCAM), normally expressed in rodent and human metanephric mesenchyme, 27, 21 in the Bowman's capsule of the mature kidney. 20 At that time, the possibility that stem cells existed along the Bowman's capsule was not conceived. Here, we show that NCAM is expressed by the large majority (about 88%) of PECs (claudin1 ϩ cells), and that NCAM ϩ cells coexpress CD24, a marker of stemness in human and mouse kidney. In agreement with findings in humans, 13 co-staining with NCAM and the podocyte marker WT1 in the Bowman's capsule of normal rats allowed to identify three distinct cell populations of epithelial origin. They include immature progenitor cells expressing only NCAM, transitional cells expressing markers for both progenitor cells and podocytes (NCAM ϩ WT1 ϩ ), and more differentiated epithelial cells, the parietal podocytes (NCAM Ϫ WT1 ϩ ). The fact that parietal podocytes retained the expression of claudin1 but lost NCAM supports the notion that this latter marker exclusively characterizes immature cells in rats. On the other hand, finding that cultured PECs expressing claudin1 and NCAM, when exposed to an appropriate inductive medium, can acquire phenotypic features of differentiated podocytes, further supports the notion that NCAM ϩ cells represent a progenitor cell population. Munich Wistar Frömter rats were instrumental here to document the contribution of progenitors and differentiated cells during the evolution of glomerular lesions. Early abnormalities were bridges between parietal and visceral epithelium, followed by extracapillary crescentic lesions that eventually evolved to fibrosis.
The majority of cells in synechiae and crescents was represented by parietal epithelial cells of the Bowman's capsule (claudin1 ϩ PECs). Podocytes were present at a low extent only in hyperplastic lesions. In rats pulsechased with BrdU, both claudin1
ϩ PECs and podocytes (WT1 ϩ ) within crescents proliferated although the percentage of mitotically active cells was low, reflecting the late stage of the disease. There is controversy on the cellular composition of crescents in glomerular disease. Lineage tracing experiments of either parietal epithelial cells or podocytes indicated the former as the predominant population responsible for proliferative lesions, with a lower contribution of podocytes. 28 By contrast, others documented that podocytes represent an integral cellular component of crescents 14,29 -31 that transform from a terminally differentiated nondividing to a migratory cycling cell. 29 Here, the presence in crescents of a high percentage of claudin1 ϩ cells indicates that cells of parietal origin acquired a migratory and proliferative activity during the progression of the disease.
In the Bowman's capsule, parietal epithelial cells represent a reservoir of cells that contribute to podocyte physiological turnover, 13 as reflected by the normal endowment with claudin1
ϩ PECs and parietal podocytes in control rats. In old MWF animals, claudin1
ϩ PECs increased in number at the expense of parietal podocytes, and they actively proliferated, reflecting dysregulation of their ability to generate podocytes and to repair injury. It is also possible that bridges of dysfunctional podocytes with the Bowman's basement membrane, activated parietal epithelial cells, including NCAM ϩ progenitor cells, to migrate. 32 Finding of a high number of NCAM ϩ cells in crescents indicates the migration of renal progenitors toward the glomerular tuft. This would explain previous evidence of renal progenitor cells in hyperplastic lesions of patients with podocytopathies associated with crescents and glomerulosclerosis. 14 Another unprecedented result of the present paper is that ACEi, beside the well-known effect of lowering blood pressure and proteinuria, limited the formation of crescents, preventing the accumulation of extracellular matrix and the evolution toward glomerulosclerosis. The reparative process induced by ACEi was accomplished through a marked reduction of parietal epithelial cell and podocyte proliferation both in crescents and in the Bowman's capsule. Re-establishment of normal glomerular architecture by ACE inhibition was associated with reduced activation of NCAM ϩ progenitors and restoration of their distribution along the Bowman's capsule. These data concur to indicate parietal epithelial cells as a novel cellular target of ACEi therapy. The present study also provides a mechanism through which the ACEi fosters glomerular regeneration. The presence of most cells along the Bowman's capsule expressing the cell cycle inhibitor C/EBP␦ 24 in control rats indicated the low proliferative status of parietal epithelial cells, consistent with the low number of BrdU-labeled cells in the glomerular capsule. In MWF rats, the scanty expression of C/EBP␦ in the Bowman's capsule accounted for the high proliferative rate of claudin1 ϩ PECs. The role of C/EBP␦ in maintaining the progenitors in a quiescent state was confirmed by its marked constitutive expression in cultured NCAM ϩ PECs isolated from capsulated glomeruli. That angiotensin II decreased C/EBP␦ expression and markedly stimulated mitosis of cultured PECs highlights the ability of the peptide to enhance PEC activation status leading to uncontrolled proliferation. The restoration of C/EBP␦ expression in the Bowman's capsule by ACEi indicated a path through which the drug directly limits the activation of parietal progenitor cells, offering a candidate molecular target for pharmacological induction of glomerular healing.
In summary, we have: i) described in the rat kidney the existence of three types of glomerular epithelial cells at different stages of differentiation from immature progenitor cells to differentiated parietal podocytes; ii) demonstrated that cultured PECs with immature phenotype can generate podocytes; iii) identified the phenotype of proliferating cells within lesions; iv) documented in a single model a sequence of pathological events linking synechiae to crescents and glomerulosclerosis; and v) provided evidence that ACEi induces renal repair by modulating renal progenitor cell proliferation and migration and restoring the glomerular architecture.
These data provide a clue for designing specific molecules targeted to novel players of renal repair that can possibly foster the intrinsic capacity of the kidney to regenerate.
